Sedimentary features such as channel sands and submarine fan sequences are important hydrocarbon reservoirs throughout the world and may be interpreted from bed thickness trends and log motifs. The log motifs of four well logs were employed during this study to delineate reservoir architectural depositional features and environment, determine their lithological attributes, and evaluate reservoir properties. Gamma ray log signatures were utilized to infer depositional features, discriminate litho-units, and define depositional environment; resistivity log was employed to identify reservoir zones and formation fluids, while the combined density and neutron logs aided in the estimation of reservoir porosity and lithological typing. Results of analysis show seven laterally discontinuous reservoirs: one in Well X (X 2 ), three in Well Y (Y 1 , Y 2 , Y 3 ), and three in Well W (W 1 , W 2 , and W 3 ) with thicknesses of 6.2 m, 19.2 m, 7.6 m, 78.7 m, 100.9 m, 38.1 m, and 41.6 m, respectively. Reservoirs architecture reveal distributary channel sands, submarine fan lobes, and deep tidal channel-fills deposited within the deep marine mud-rich N'kapa Formation. Average porosity, water saturation, and hydrocarbon saturation values of Well X and Well Y reservoirs are 20.8%, 30.8%, 69.2%, and 40.2%, 18.3%, 81.7%, respectively, indicating moderate-to-good reservoir quality. Also, the permeability values are moderate to good (74.89-12,584 md), except for Y 3 and Well W reservoirs whose well log-derived permeabilities were unreliable due to their non-irreducible nature. Density-neutron crossplots indicate heterogeneous reservoir lithologies comprising of limestone, dolomite, and sandstones, with predominant calcite and subordinate dolomite as mineral matrix. Crossplot of water saturation and porosity revealed grain-size variation ranging from fine-grained to silty sediments with bulk volume water values suggesting Well X and Y reservoirs to be homogeneous and will produce water-free hydrocarbons, while Well W reservoirs are heterogeneous water-prone reservoirs.
Introduction
The rise in demand of energy resources and challenges associated with exploration and the development of new hydrocarbon fields, given that the easily accessible fields are already being exhausted, has begot an integrated approach to reservoir evaluation that combines geology, petrophysics, and reservoir engineering for detailed reservoir studies.
Reservoir characterization which involves both qualitative distribution and quantitative distribution of reservoir properties, such as lithology, porosity, permeability, and fluids saturations, has been vastly used to understand reservoirs (Journel 1995) , and integrating such knowledge with reservoir geometry, facies relationships, and reservoir quality is critical for exploring and exploiting these deposits effectively (Shanmugan and Moiola 1988; Johnston 2004) . Quite a lot of reservoir characterizing studies have been undertaken, especially to address exploration challenges associated with complex fields, erratic stratigraphic, and facies variation including the works of Chongwain et al. (2017) who used seismic and well data to address exploration challenges associated with non-correlatable and heterogeneity of reservoirs in the Nkapa Formation of the Douala Basin. Refae et al. (2008) also applied seismic and other relevant data to characterize the puzzling Libya's Lehib field, while Osinowo et al. (2017) described and characterized the Eni Field, offshore, Niger delta in Nigeria, for the purposes of both improving exploration and development ventures linked to the fields.
The study area is an offshore field located within the Douala Basin with four wells of interest pseudo-named Well X, Well Y, Well Z, and Well W due to Cameroon's National Hydrocarbon Corporation (NHC) confidentiality agreement. The wells, located offshore within the PH77 Prospect (Fig. 1) , penetrated the Paleocene-Eocene N'kapa Formation which was formed during a period of renewed thermal subsidence accompanied by extensive marine deposition (SPT 1994 (SPT , 1995 . Varying sand units will exhibit different physical characteristics whose varying environments are characterized by different log trends, geometries, and dimensions (Allen 1970) , and the reconstruction of such environments of deposition could provide an optimum framework for describing and predicting reservoir quality and distribution (Allen 1965) . Information generated from well log motifs is useful for formation evaluation and pertinent at estimating hydrocarbon quantities in a reservoir (Asquith and Krygowski 2004) . The ability to estimate hydrocarbon reservoir potential can be enhanced by observing their electrical resistivity and relative permeability value (Hilchie 1990; Schlumberger 1996; Uguru et al. 2002) . The fast depletion of known resources and challenges encountered in exploring feasible prospects within the Douala Basin necessitated an integral study of the four wells to utilize more robust interpretation techniques that will enable better understanding of the reservoir heterogeneities of the mud-rich N'kapa Formation. 
Geological setting
The Douala sedimentary Basin which is situated in the northern extreme of the South Atlantic constitutes a series of divergent passive margin basins along the West African coast, covering a total area of 19,000 km 2 including 7000 km 2 located onshore (Pauken et al. 1991) . A number of geological features delimit the basin-the Cameroon Volcanic Line (CVL) to the northwest, the Pan African 
3
Fold Belt to the east, and the Kribi Fracture Zone to the south (Luzz-Arbouille et al. 2009 ). The evolution of this basin is linked to the breakup of the Gondwanaland (Burke et al. 1971) as it developed through a series of stages including the Pre-rift, Syn-rift, and Post-rifting phases, and it is characterized by various source rocks, reservoirs, seals, and traps. Deposition in this basin range from Cretaceous to Recent and the stratigraphy and sedimentology have widely been described (Brownfield and Charpentier 2006; Ntamak-Nida et al. 2010; Tamfu et al. 1995) . The various lithostratigraphic units include the Mundeck, Logbadjeck, Logbaba, N'kapa, Souellaba, Kribi, Matanda, and Wouri Formations (Fig. 2) , and the N'kapa Formation was deposited during the Palaeocene with no evidence of fault reactivation associated with the extension of the Atlantic during the Eustatic sea level changes that resulted in the subsidence and extensive deposition of marine sediments in neighboring basins. It lies on the Logbaba Formation and is separated from the overlying Souellaba Formation by the Eocene unconformity (SPT 1995) , representing the top package of the Megasequence B (Manga 2008) and comprises mainly of silty mudstones and argillaceous sandstones which indicate muddy shelf environment. Stratigraphic trap (syn-sedimentary), mounds, and sand sheet characterize the N'kapa Formation.
Materials and methods
Four wells (W, X, Y, and Z) were subjected to reservoir quality assessment to understand the petrophysical properties, lateral extent, and the lithological heterogeneity of the sands with their environments of deposition. Wireline log data (gamma ray, natural gamma spectrometry, resistivity, density, neutron, and sonic) were used to qualitatively analyze various lithologies and their environment of deposition and to quantitatively determine the petrophysical properties of reservoir intervals with the aid of Interactive Petrophysics software. Data were made available through the National Hydrocarbon Company (NHC), Cameroon.
With the aid of the well log response character, the general trends or curve shapes of the gamma ray (GR) were used to decipher a variety of different clastic depositional systems based on the principles of Kendall (2003) and Rider (1996) . GR log was employed to identify clastic reservoir units, and the deep resistivity log in combination with the GR log was used to differentiate between hydrocarbon and non-hydrocarbon bearing zones and consequently defined the zones of interest in terms of clean sands saturated with hydrocarbon (low GR and high resistivity). GR histograms were produced for each reservoir and the clustering behavior observed in order to infer the extent of cleanliness of the reservoir (Goncalves et al. 1995) . Combination of resistivity (AHT90), neutron (NPHI), and density (RHOB) logs were used to discriminate the fluid type (water, oil or gas) and the characteristic "Balloon effect" usually associated with the underestimation and overestimation of gas by neutron and density logs, respectively, within a gas saturated reservoir served as guide.
The porous and permeable hydrocarbon saturated lithounits that possess right qualities that distinct them as hydrocarbon reservoirs were qualitatively identified using well log parameters, and the other derivative reservoir parameters such as, reservoir thickness, net-to-gross (NTG), volume of shale (V sh ) in the clastic reservoirs, effective porosity ( ∅ eff ), and hydrocarbon saturation (1 − S w ) were quantitatively determine and employed to evaluate the hydrocarbon potential of the field. Given that the N'kapa Formation is Tertiary in Age (Brownfield and Charpentier 2006) , the volume of shale (V sh ) was estimated using the Larionov (1969) Tertiary Eqs. (1) and (2) (Asquith and Krygowski 2004) .
Linear response (V clay = I GR ):
The Larionov younger rocks nonlinear responses for Tertiary rocks
The void ratios (total and effective porosities) of the identified reservoir units were determined using the porosity logs and the density porosity model which captures the empirical relationship that relates the measured bulk density (ρ b ),
Interpretation and Deduction of Environment of Deposition (Kendall, 2003; Rider, 1996 and Emery and Myers, 1996 where ρ ma = matrix density; ρ b = input bulk density log; ρ cl = wet clay density; ρ f = filtrate density; ρ HyAp = apparent hydrocarbon density; V cl = wet clay volume; and S xo = flushed zone water saturation.
Given the importance of various fluids to the dynamic properties of reservoirs, the various fluids types were identified and their saturations quantified; the water saturation (S w )
was determined for the reservoir units based on the Simandoux water saturation formula (Eq. 4) which integrated the impact of the clay volume and hydrocarbon saturation of the various reservoirs was determine using Eq. (5).
where R t = rock true resistivity; R w = water resistivity; a = tortuosity factor; m = cementation factor; ∅ = formation porosity; S w = effective water saturation; V cl = wet clay volume; and R cl = resistivity of the clay. Then using Eq. (5) below, the hydrocarbon saturation for the reservoir zone was computed. Fig. 4 a Analyzed wells depicting the various lithologies based on GR signature as well as the depositional system tracts deduced from GR response adopted from Kendall (2003) , Rider (1996) and Emery and Myers (1996) . b NW-SE Cross section through the Douala Basin illustrating stratigraphic relationships of the reservoir units where S h = hydrocarbon saturation; S w = water saturation
The permeabilities of the various reservoirs to the various fluid types were established from the Wyllie and Rose (1950) relations observed in Eq. (6), and it is imperative to note that only permeability values for reservoirs at irreducible water conditions were determined as log-derived permeability formulas are only valid for estimating permeability in formations at irreducible water saturation (Schlumberger 1977) .
where K = permeability in millidarcies, ∅ = porosity, S wirr = irreducible water saturation.
The reservoir formation grain size of the various reservoir units was deduced by calculating the bulk volume water (BVW) which is a product of the formation water saturation (S w ) and its porosity ( ∅ ); and subsequently inferred grain size through the use of comparative chart described by Fertl and Vercellino (1978) . In such charts, constant or very close to constant values of the bulk volume water indicate homogenous zone, at irreducible water saturation (Asquith and Krygowski 2004) that will characteristically produce water-free hydrocarbon (Morris and Biggs 1967) .
The volume of laminated clay (V lam ), the dispersed clay (V disp ), and the structural clay (V Struc ) in the whole rock were calculated based on Eqs. (8) and (9) and displayed graphically in the lithological tracks of the various analyzed wells.
where V lam < V cl then the model dispersed/laminated was used and Otherwise, the laminated/structural model was used and
In addition, to enable accurate reservoir lithological description relevant for reservoir management, sonic-density, density-neutron, M-N, NGS, and MID or matrix identification crossplots were further employed to determine reservoir lithology and associated constituent rock minerals. Figure 3 presents the workflow which summarizes the different activity steps embarked upon to characterize M-Field, Douala Sub-Basin, Cameroon. 
Results and discussion

Depositional environments
Three major gamma ray log trends or curve shapes were observed in the studied wells including serrated (a), bell (b), and funnel (c) shapes (Fig. 4a) . These varied GR shapes depict different lithological properties as the GR log tracks the upward and downward changes in the clay mineral content, and the environments of deposition of the reservoirs were predicted using the GR log motifs according to Kendall (2003) . These reservoirs were interpreted as channel sands, submarine fan lobe sands, and deep tidal channel-fill, respectively (Fig. 4a) .
Channel sands
The sands exhibit blocky and fining upward signatures with aggradational depositional patterns. These blocky GR signatures of the sands are usually associated with fine-grained sands of good reservoir quality due to low shale content as a result of high energy conditions leading to clean porous sands. The blocky or boxcar-shaped signature can be linked to channel sands deposited within the deep submarine fan distributary channels developed at the distal part of turbiditic successions occurring within the N'kapa Formation (Selley 1985) . Such sand bodies are characteristic of the Douala Basin and often occur as pockets within the thick shaly N'kapa Formation (Fig. 4b) .
Submarine fan lobes
The submarine fan lobe sands are exhibited by a funnel shape GR log trend with an upward decreasing GR pattern. This trend reflects a change from shale-rich into sand-rich lithology and upward increase in depositional energy with swallowing upward and coarsening, and probably reflects an increase in sand content of sand bodies or gradual change from clastic to carbonate deposition (Kendall 2003) . The grain size of such lobes usually vary from coarse to fine, and in this study, they might have developed at or near the mouth of submarine fan channels (SPT 1995; Mutti and Ricci 1972) . 
Deep tidal channel-fill
The deep tidal channel-fill sands show bell shape motifs with a gradual upward increase with thick intercalations of shales depicting basinal directional flows of the tidal currents; depositing sands; and mud/shales, respectively. Due to the reworking by the tide, the motifs are serrated and some of the portions showed coarsening upward motif. Tidal reservoirs are usually moderate in quality but may be poorer than other shallow marine reservoirs due to the presence of numerous mud laminae resulting from drowned channel deposits. They are usually deposited by higher energy currents and are moderately to well sorted and typically less subjected to bioturbation which can be very intense in (for example) bar sands, where sedimentation rates may be lower (Shanmugam et al. 2000) .
Reservoir formation evaluation
In Well X, two sand bodies were identified including X 1 and X 2 with thicknesses of 3.2 m and 6.2 m, respectively (Fig. 5) , while for Well Y, three sand bodies were delineated including Y 1 , Y 2 , and Y 3 with thicknesses of 15.09 m, 6.38 m, and 37.75 m respectively (Fig. 6 ). Well W consists of W 1 , W 2 and W 3 with sand thicknesses of 100.9 m, 38.1 m and 41.6 m, respectively (Fig. 7) . The results of the petrophysical evaluations show that only X 2 contains hydrocarbons in Well X. Reservoirs X 2 contains oil with an average hydrocarbon saturation of 0.70 v/v (70%). The net-to-gross for the reservoir is 76% (Table 1) . Also, the average volume of clay (V clay ) values of 0.06 v/v is below the damaging limits of 0.15 v/v (Hilchie 1978) . The average porosity for the hydrocarbon bearing sand is 0.20 v/v (20%), with a permeability of 74.89 md. Hence, the (Table 1) , which indicates relatively low effect on reservoir quality. Finally, in Well W, three (3) reservoirs were delineated, consisting oil as the hydrocarbon type (Table 1) . Average porosities for the reservoirs range from 0.34 to 0.38 v/v (34-38%), and water saturations range from 0.22 to 0.32 (22-32%), which translates to hydrocarbon saturation range of between 0.68 and 0.78 v/v (68-78%). The reservoirs identified from petrophysical evaluation are discontinuous and non-correlatable across the entire wells and are probably thin stratigraphic carbonate-prone sandy beds pinch-outs that were deposited either as channel sands or as short turbiditic events characterizing the N'kapa Formation. The reservoirs indicate average porosities, hydrocarbon saturation, and permeability in excess of 20%, 69%, and 76 md, respectively, suggesting favorable petrophysical parameters for hydrocarbon accumulation and preservation based on the classification of Rider (1986) .
Pay zone summary and water irreducibility
The crossplot of water saturation (Sw) versus porosity (Ø) for reservoirs Well X, Well Y, and Well W indicate that the grain-size variation of the reservoirs ranges from (Fig. 8) , and this indicates that the reservoirs are homogeneous and are at irreducible water saturation (Swirr) and can produce water-free hydrocarbons. When a reservoir is at Swirr, water will not move because it is held on grains by capillary pressure (Morris and Biggs 1967) , and hence hydrocarbon production from X 2 , Y 1 and Y 2 should be water free (Asquith and Krygowski 2004) . BVW plots for reservoir Y 3 and Well W reservoirs are scattered (Figs. 8 and 9 ) indicating an increase in the amount of formation water; this implies that the reservoirs are heterogeneous, and the formation has more water than it can hold by capillary pressure, and thus the reservoirs are not at irreducible water saturation (S wirr ) and cannot produce water-free hydrocarbon during production.
Lithological typing and multi-mineral characterization
The clay/shale form of distribution pattern from the densityneutron and sonic-density crossplots (Fig. 10) for the Well X and GR histograms for Well X, Y, and W reservoirs (Fig. 11) shows that the reservoirs contain very little clay, which confirms the average 0.06, 0.10, and 0.14 v/v volume of clay estimated from petrophysical evaluation ( Fig. 5 ; Table 1) depicting Well Y to host very clean reservoirs. This is possible because the high energy action that acted on the distributary channel sands must have reworked the sediments producing clean and well-sorted sands. Density-neutron and sonic-density crossplots for the Well X reservoirs plotted unevenly scattered within all lithological fields indicating heterogeneous lithologies, i.e., dolomite, limestone, and sandstone (Fig. 10) , while the M-N lithology plots depict most of the points plotting in the dolomite and calcite fields with occurrence of secondary porosity (Figs. 12 and 13) indicating that Well X reservoirs are predominantly made of calcite matrix with subordinate dolomite and quartz as further confirmed by the MID plots with most of the points clustering around calcite and dolomite fields (Fig. 12) , indicating calcite and dolomite as major matrix minerals constituting these rocks. The reservoirs in the study area could be described as calcareous quartz siltstones/sandstone within the N'kapa Formation due to the heterogeneous matrix which consists of fine-grained sand, limestone, and dolomite, and this probably indicates detrital carbonate, sand, and silt influx from fluvial sediments coming from the Dimbamba and Wouri Rivers or the accumulation of the remains of planktonic foraminifera forming carbonate oozes (Folk 1959) . Further diagenesis led to the dissolution of the biogenic carbonate forming calcite matrix and resulting to secondary intragranular porosity prone rocks (Irwin et al. 1977; Curtis and Coleman 1986) .
The Thorium-Potassium plot clustered mostly within the chlorite field (Figs. 14) , indicating chlorite and montmorilorite as the dominant clay minerals. Clay minerals are usually assumed to be detrimental to sandstone reservoir quality because they can plug pore throats as they locate on grain surface in the form of films, plates and bridge and some clay minerals promote chemical compaction and also greatly accelerates the rate of porosity loss in limestone reservoir (Brown 1997) . However, the existence of clay minerals does not always imply reduction in the reservoir quality, and it may be good phenomenon to indicate good reservoir quality, e.g., coats of chlorite on sand grains can preserve reservoir quality because they prevent quartz cementation (Heald and Larese 1974; Bloch et al. 2002; Taylor et al. 2004 ). The chlorite mineral could either be linked to detrital chlorite influx from neighboring river sediments during fast deposition and/or probably formed diagenetically during early diagenesis of feldspar and mica sediments on the seafloor. The good porosity values (20%) observe for the Well X reservoirs indicates a minimal effect of the clay minerals on the reservoir qualities. (Schlumberger 1989) 
Conclusion
This study has shown that the seven (7) reservoirs (X 1 , Y 1 , Y 2 , Y 3 , W 1 , W 2 and W 3 ) that were delineated are laterally discontinuous and non-correlatable and the interpreted log motifs indicate that the reservoirs' depositional environments span from distributary channel sand deposits, deep tidal channel-fill sands to submarine fan lobes characteristic of fan valley sediment deposited in the deep marine environment. The results from porosity to permeability confirm that X 1 , Y 1 and Y 2 have moderate-to-good reservoir quality. Their average water saturation and hydrocarbon saturation of 12% and 80%, respectively, is an indication that Well X and Well Y sand reservoirs are charged with significant volumes of hydrocarbons predominantly oil and will produce water-free hydrocarbons. The prospects as compared to the intervals identified within the N'kapa Formation are promising with fair to significant hydrocarbon potential within the Douala Basin that can be fully developed. In terms of lithological attributes, the mineral identification crossplots (Schlumberger 1989) indicate that the reservoirs are heterogeneous comprising mainly of calcite-dolomite and subordinate quartz as matrix, and contain very little clay due to the high energy action that accompanied the formation of the channel sands leading to well-sorted reservoirs with good porosities. Chlorite occurs as the major clay mineral, and its formation is linked to primary deposition prior to sediment formation or to secondary diagenetic events that followed formation of the sediments; however, good porosities indicate that the clay mineral has a minimal effect on the reservoir quality. This research has shown that reservoir characterization studies using log motifs and petrophysical methods have enabled a better understanding of the reservoir architecture and features, depositional environment, reservoir quality, heterogeneities, and lateral extent of reservoirs occurring within the N'kapa Formation of the Doula Basin. This information should guide future exploration especially in siting new well locations within this N'kapa Formation. 
